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As the key elements of flat panel display of the third generation, organic light-emitting diodes ͑OLEDs͒ have been attracting research interest for more than two decades. 1 The microscopic mechanism of the OLEDs plays an important role in further improving their performance which would be of remarkable potential commercial value. Most of the related studies, including those focused on the injection of charge carriers [2] [3] [4] [5] or charge transport in organic layers 6 and on the efficiency 7, 8 and stability 9,10 of light emission, are based on the assumption that electric field is uniform within each organic layer of OLED. 4 However, recent investigations have revealed that, due to the presence of space charges inside the device, 11 the electric field is not uniform and the potential would not change linearly with position. 12, 13 Therefore, study of the potential distribution inside an operating OLED might shed light on the involved physical process.
Recently, Hiramoto et al. 14 reported the first direct measurement of internal potential distribution within an OLED under operating conditions by means of inserting a mediate Au electrode inside the device. They claimed that the results they measured by using Keithley 197 microvoltmeters were valid for the biases as low as 7 V. However, the resistance of their device at such a low bias voltage range could be much larger than 11 M⍀, the input resistance of the voltmeter they used, therefore the measured potential differences might deviate from what they really should be. Electroabsorption ͑EA͒ ͑Refs. 15-17͒ is another method for studying electric field related problems of OLEDs but it fails to measure the potential distribution in single layer devices. Even for multilayer devices, EA does not work for organic layers without characteristic absorption peaks in the wave range detected. It is thus desirable to further improve the existing methods to get more accurate results for the potential distribution in OLEDs, especially at low operating bias voltages.
In this work, an approach is presented that a dc bridge is adopted to deal with the high resistance of the OLED at low voltages. Detailed information about the bias-dependent internal potential distribution of the device is thus obtained and the underlying mechanism is proposed.
OLEDs with conventional double-layer structure were prepared in present study. Each consisted of an indium tin oxide ͑ITO͒ anode, a hole transport layer ͑HTL͒ of N,NЈ-bis͑naphthalene-1-yl͒-N,NЈ-bis͑phenyl͒ benzidine ͑NPB͒, an electron transport and light-emitting layer of tris-͑8-hydroxyaquinoline͒ aluminum ͑Alq͒ and an Al cathode. The ITO-covered glass substrate was routinely cleaned, followed by UV ozone treatment, 18, 19 and then loaded into a high-vacuum evaporation chamber to deposit various layers 20 without exposure to the air. Similar to the way adopted by Hiramoto et al., 14 an Al electrode stripped to a width of 0.5 mm by a specifically designed shadow mask was inserted into the bulk of the organics during the process of device fabrication. The Al cathode in the shape of a 4 mm wide stripe crossed over the inserted electrode and the two Al electrodes could be connected to external circuit conveniently. Figure 1͑a͒ shows the device structure and external circuit. The inserted ͑middle͒ Al electrode of the OLED and the moveable terminal of a slide rheostat were connected via a galvanometer G, with the other two electrodes/terminals of the OLED/rheostat connected to a dc voltage supply, forming a bridge. Here G is an Agilent 3458A multimeter of maximum dc current sensitivity 1 pA, which is enough for the present bridge. Evidently, the branch voltage ratios on the two sides of the bridge are the same when G reads zero. Thus the ratio of the potential drops across the two parts of the OLED connected in the bridge can readily be determined by checking the resistance values of the two parts of the rheostat. The two potential differences V PM and V MN and the two resistance values r 1 and r 2 satisfy the relationship V PM / V MN = r 1 / r 2 . Since the total resistance r 1 + r 2 of the rheostat is constant and much lower than that of the OLED before its turning-on, the errors due to high resistance of the OLED are completely eliminated in the present measurements for potential differences at various biases.
The first sample investigated is the structure ITO/ NPB͑200 nm͒/Al͑25 nm͒/Alq͑200 nm͒/Al, where the middle Al electrode is inserted between NPB and Alq layer so that V PM and V MN are just the potential drops across the two different organics. Fig. 1͑a͒ . At low biases, the directly measured ratios are much smaller than those by the dc bridge, and their sum is not equal to unity. Obviously, it is the high resistance of the OLED at low biases that leads to such a severe inconsistence. Therefore in the following, we will focus on the dc bridge approach throughout.
As the layer thickness is unchanged in the experiment above, the ratio between electric fields on the two layers is the same as the ratio between their relative voltages. In previous studies of OLEDs, it has been generally assumed that the electric field is uniformly distributed in each layer; besides, the ratio of the electric field of one layer to that of the another layer has also been assumed unchanged, independent of applied biases. However, the voltage ratio variations at low biases in Fig. 1͑b͒ shows the ratio of electric fields in different layers would change with applied biases. This might be attributed to the presence of space charges originating from the imbalanced injection of holes and electrons. If it were true, this phenomenon should also exist in the device with only one single organic layer as long as the carrier injection from cathode is different from that from anode. Therefore a simple device of the structure ITO/Alq͑200 nm͒/ Al͑25 nm͒/Alq͑200 nm͒/Al was prepared and studied, and the results are shown in Fig. 2͑a͒ . At extremely low bias as 2 V, the ratio at the anode side R PM reaches 0.73, remarkably higher than that of R MN 0.27 at the cathode side. However, when the bias increases from 2 V to 10 V, the R PM decreases rapidly from 0.73 to its minimum 0.20 When the bias is further raised, R PM turns to increase and R MN decreases gradually, and finally they saturate at the value of 0.43 and 0.57, respectively, when the bias is higher than 40 V. Again, the variation of the ratio with respect to the bias further confirms that the simplified assumption of uniform field is not enough to explain the properties of OLEDs.
This ratio variation can be understood in the following. As the organic layer itself is homogeneous, the only factor influencing the potential distribution is the carrier injection. At small bias ͑around 2 V͒, the electron injection from the cathode is overwhelming compared to the hole injection, because of some fast processes such as thermal ejection of electrons from states above the Fermi level of Al. Injected electrons would accumulate on the cathode side of the layer, forming space charge. This space charge would screen the built-in field in the layer, leading to a relatively weaker field than that on the anode side with less or without space charge. Therefore R PM is larger than R MN as shown in Fig. 2͑a͒ , and the corresponding band diagram is schematically shown in Fig. 2͑b͒ .
Once the bias continues to increase from 2 V, hole injection grows rapidly due to the lower injection barrier 14 and the repulsion of space charge to electrons. As a result, more and more positive space charges accumulate on the anode side. Same reason leads R MN to increase and R PM to decrease. This process terminates at bias 10 V where R MN turns to be dominant, and the band diagram is shown in the middle subfigure of Fig. 2͑b͒ . Beyond 10 V, positive space charge blocks further hole injection. On the other hand, the electron injection grows because of the low barrier at the Alq/Al interface. Therefore the R MN gradually decreases from 0.8, approaching to the saturated value of 0.57 at the high bias limit ͑Ͼ35 V͒. On the contrary, R MN undergoes an opposite variation and finally approaches to 0.43. Meanwhile the existence of the space charge would lead to nonuniform distribution of electric field in the organic layer. The work of Hiramoto et al.
14 also supports the nonuniform field distributions. In order to confirm the relationship between potential distribution and carrier injection, work function of the anode is reduced by omitting UV ozone treatment, which modifies the carrier injection in a facile way. Figure 3 shows the results for the cases with ͑sample B͒ and without ͑sample A͒ ITO UV ozone treatment of device ITO/NPB͑200 nm͒/Al͑25 nm͒/Alq͑200 nm͒/Al. In this device, NPB is a HTL where charge carriers are holes mostly. Reducing work function of ITO would greatly suppress the hole injection and the corresponding charge transportation in NPB. The ratios R PM and R MN of the two devices are shown in Fig. 3 . When the bias increases, R PM ͑NPB layer͒ for both devices decreases with bias increasing at low biases ͑below 9 V͒ and then increases at higher biases, while R MN ͑Alq layer͒ change with bias oppositely. R PM of sample A, shown as R PM−A in Fig. 3 , is 0.40 at high bias of 30 V. As a comparison, R PM of its counterpart device B R PM−B is 0.24 at 30 V. The voltage ratio of NPB part in sample A increases obviously at high biases. At high bias the reduction of hole injection in sample A due to the lower work function suppresses the formation of positive space charge, but oppositely enhances the formation of negative space charge. Therefore R PM−A increases while R MN−A decreases at high biases. This experiment result shows explicitly that even for the same structure, samples can behave distinctly if the work functions are different.
In conclusion, by using a dc bridge to eliminate errors due to high resistance of the devices at low biases, internal potential distributions in OLEDs is systematically studied. It is found that potential drop across the organic layers of OLED changes nonmonotonously with external bias increasing, which might be a result of space charges originated from the imbalance of the carrier injection. This result would be beneficial for understanding the carrier transport and improving the device performance. 
